Abstract: Enhanced electroluminescence (EL) has been achieved from the light-emitting devices containing Si quantum dots/SiO 2 multilayers deposited on Si nanowire arrays because of the good antireflection characteristics of Si nanowire structures, which improves the light extraction efficiency. However, it is found that the EL is first enhanced with increasing the depth of the Si nanowires and then reduced to further increase the depth, though it exhibits the lowest reflectance (∼3%), which may be due to the increased surface defect states after long time etching, as revealed by electron spin resonance measurements. It is demonstrated that the posthydrogen plasma annealing treatments can passivate the surface defect states which, in turn, improve device performance. The best device shows the turn-on voltage as low as 3.5 V, and the EL intensity of devices on Si nanowire arrays is enhanced 16-fold, compared with that of flat one.
Introduction
The absorption and emission of light in bulk Si material is relatively poor due to its indirect bond gap structures. However, it is believed that the efficient light emission can be achieved under the strong confinement conditions such as in Si quantum dots (Si QDs) with the size of about 5 nm or less, which can develop the light emitting devices for realizing the Si-based monolithic optoelectronic integrations [1] - [3] . Thus far, much effort has been made to study the photo-and electro-luminescence behaviors from Si QDs [4] - [8] . However, the emission efficiency is still too low from the viewpoint of the actual device application. It is currently an open question to further improve device performance of the Si QDs-based light emitting devices. Recently, it has been reported that the emission efficiency can be effectively improved by introducing the novel micro-and/or nano-structures to make the efficient photon management [7] - [10] . Kim et al. reported that the radiative recombination rate was increased by localized surface plasmas and the corresponding electroluminescence (EL) was enhanced by 434% [7] . Samanta and Das fabricated the SiO x nanowires (NWs) and found the enhanced optical absorption and photoluminescence from Si QDs due to the anti-reflection characteristics of the nanostructures [10] .
In our previous work, a modified nano-sphere lithography technique was used to get periodically nano-patterned Si structures. Both the photoluminescence and electroluminescence were significantly enhanced with increasing the depth of Si nanostructures, which can be attributed to the good light trapping effect since the reflectance was obviously suppressed in a wide spectral range despite of the relatively low aspect ratio. (The maximum depth is less than 150 nm and the diameter is about 200 nm.) [11] , [12] . However, the question remains whether or not the device performance can be further improved by using the much deeper Si nano-structures.
In the present work, the wet electroless etching technique is used to get vertically aligned Si nanowire (Si NW) arrays [13] , [14] . By controlling the etching time, the depth of formed Si NW structures varies from 200 to 450 nm. A good anti-reflection behavior is confirmed in a wide spectral range and the reflectance is gradually suppressed with increasing the etching depth. The prototype light emitting devices containing Si QDs/SiO 2 multilayers are fabricated on Si NW arrays, and they show the enhanced electroluminescence compared with that of flat one. However, it is found that the enhancement of electroluminescence is reduced for the device on 450 nm Si NW arrays. Electron spin resonance (ESR) measurements reveal the increased Si dangling bands after long time etching, which is responsible for the reduced electroluminescence. Post hydrogen plasma annealing (HPA) is performed in order to passivate the surface defect states of Si NW arrays. It is found that the electroluminescence is consequently enhanced after hydrogen plasma annealing treatments.
Experimental Details
Si NW arrays were synthesized on a p-type (1-3 ·cm), Cz silicon (1 0 0) substrate using the wet electroless etching technique. First, the Si substrates with area size of 1 cm × 1 cm were pre-cleaned with standard RCA process and then rinsed in deionized water for several times to get the clean surface. Second, the cleaned silicon substrates were immersed in a mixture of 5 mol/L hydrofluoric acid (HF) aqueous and 0.015 mol/L silver nitrate (AgNO 3 ) solution for various durations (3, 5, 8 min) at room temperature. The tree-like Si NW arrays were formed due to the selectively anisotropic etching of silicon substrate in aqueous HF solution induced by the Ag nanoparticles. To remove the capped silver, the as-prepared samples were finally dipped into a 30 wt% HNO 3 aqueous solution for 60 s. The surface morphologies of formed Si NW arrays were characterized by field emission scanning electron microscopy (FE-SEM, Sigma Zeiss). Fig. 1 (a)-(c) shows the cross-sectional SEM images of the Si NW arrays after etching at various time. It is found that the depth of Si NWs is gradually increased with the etching time while the diameter is almost the same (∼50 nm) for all the sample. Therefore, we just discuss the effect of the depth of Si NW arrays in later. The depth of Si NW arrays etched for 3, 5, and 8 min is about 200, 310, and 450 nm, respectively. It is clearly shown that the Si NW arrays are vertically aligned over the area up to the substrate size.
Si QDs/SiO 2 multilayers were deposited on Si NW arrays and reference flat Si substrate in the conventional plasma enhanced chemical vapor deposition (PECVD) system. During the deposition process, the r.f. pw (13.56 MHz) was kept at 50 W and the substrate temperature was fixed at 250°C. Pure silane (SiH 4 ) gas with a flow rate of 5 sccm was used to deposit amorphous silicon layers for 15 s and in-situ plasma oxidation by pure oxygen gas (20 sccm) for 90 s was performed to get ultrathin SiO 2 layers. The deposition of amorphous silicon layer and in-situ plasma oxidation progress was alternatively changed to get Si/SiO 2 multilayer structures with nine periods. After the deposition of Si/SiO 2 multilayers, n-type amorphous Si layer was successfully deposited by using gas mixture of phosphine (PH 3 ) and SiH 4 with the ratio of [PH 3 ]/[SiH 4 ] = 10. The as-grown samples were dehydrogenated at 450°C for 1 hr followed by the annealing at 1000°C for 1 hr in the N 2 ambient to get Si QDs/SiO 2 multilayers. The dot shaped ITO electrodes with diameter of 1.5 mm and Al electrode were then evaporated on the front surface and the back side of Si substrates, respectively. The devices were finally annealed at 400°C in N 2 ambient for 30 min to form the ohmic contacts. The schematic diagram and SEM image of the prepared light emitting devices containing Si QDs/SiO 2 multilayers (MLs)/Si NW arrays are shown in Fig. 1(d) and (e), respectively.
Results and Discussion
The reflection spectra of Si NW arrays were measured by using Shimadzu UV-3600 spectrophotometer in the wavelength range from 200 to 1000 nm by using integrating sphere to collect the signals. Fig. 2 shows the optical reflection spectra for the Si NW arrays with various depths while the result for flat Si substrate is also plotted for comparison. The reflectance of the flat Si substrate is higher than 35% in the whole measurement spectral range, and it is dramatically suppressed after forming Si NW structures. It is found that the reflection is gradually reduced by increasing the depth of Si NW arrays, and the reflectance is as low as 3% for sample with the depth of 450 nm. The good anti-reflection characteristics of Si NW arrays can be explained in terms of the formation of graded-index layer due to the nano-cone structures, as well as the strong light scatting effect due to the size of Si NWs is compatible with the light wavelength. As a consequence, the more photos can be absorbed by the Si NW arrays, as revealed by our previous work [15] - [18] .
The light emitting devices containing Si QDs/SiO 2 multilayers were fabricated on the flat and Si NW arrays. Electroluminescence (EL) was detected at room temperature by applying dc bias on the devices. It is worth pointing out that all the EL measurements were performed at the same conditions, the EL signals were collected by a photomultiplier tubes detector, and the spectra were corrected by the system response in the measurement range of 300-850 nm. Fig. 3 shows the current-voltage relationships of EL devices both on flat and Si NW arrays. The rectification behaviors can be clearly observed indicating the formation of p-i-n structures. By using the Si NW arrays, the current is obviously increased at the same voltage compared with that of flat one. It can be understood that the effective electric field is enhanced in the Si NW structures which is similar with the field enhancement effect in Si nanostructures as reported previously [19] . However, the enhancement of current is reduced for device prepared on Si NW arrays with depth of 450 nm. It may be ascribed to the formation of contact resistance due to the poor surface quality of Si NW structures after long time etching, which will be discussed later. The part of applied voltage drops on the contact resistance and consequently, the injection current through the device is reduced at the same voltage. Fig. 4(a) is the EL spectra for devices fabricated on flat and Si NW arrays with various depths. The measurements were performed by keeping the injection current at 100 mA. A broad EL band is observed with the peak centered at 800 nm and the EL intensities of devices on Si NW arrays are significantly enhanced compared with that of flat one. The origin of the PL and EL from Si QDs/SiO 2 multilayers has been discussed extensively previously [20] , [21] , and we think that the radiative recombination of injected carriers both within the Si QDs and via the interface states of Si QDs/SiO 2 contribute the broad EL signals [22] , [23] . Here, we define the turn-on voltage of the device as the EL spectra can be detected in our system. The turn-on voltage of flat device is about 6 V, and it decreases to 5 V for Si NW devices.
In order to further understand the effect of Si NW structures on the EL enhancement, we plot the integrated EL intensity as a function of injection current for all devices in Fig. 4(b) . For each device, the integrated EL intensities are gradually increased with the injection current since the more carriers are injected and recombined radiatively. By using Si NW structures, the EL intensities are obviously enhanced at the same injected current compared with that of flat device. It is worth noting that the EL spectra were also detected under the ac driving conditions and that the similar and reproducible enhancement results were obtained as that under the dc excitation conditions.
The improved device performance can be attributed to the enhanced light extraction efficiency of the Si NW arrays, since the good anti-reflection characteristics observed in Si NW arrays indicate that the internal reflection from the sample to air is also effectively suppressed and more photons can emit from the front surface [24] . The similar results were also reported in light emitting diodes based on GaN as well as ZnS films [25] , [26] . As shown in Fig. 4(a) and (b) , the EL intensities are gradually enhanced with increasing the depth of Si NW arrays for 200-310 nm. It is reasonable since the light extraction efficiency should be improved with the depth due to the better anti-reflection behaviors as indicated in Fig. 2 . However, the enhancement of EL intensity is reduced for device on Si NW arrays with depth of 450 nm, though it exhibits the best anti-reflection characteristics, as given in Fig. 2 .
In order to clarify the reduction of the EL intensity of device on Si NW arrays with depth of 450 nm, electron spin resonance (ESR) measurements were performed for Si NW arrays with various etching depths. For flat and Si NW arrays with depth of 210 nm, no obvious ESR signals can be identified. Fig. 5(a) shows the ESR spectrum for 310 nm Si NW arrays. A weak ESR signal can be observed and the g value is 2.005, which is assigned to P b -type centers (Si dangling bond centers, Si3 = Si•) [27] existing on the surface of Si NW arrays. The ESR signal related to P b centers becomes stronger for Si NW arrays with depth of 450 nm, as shown in Fig. 5(b) . It indicates that the surface defect states are increased after long time etching which is responsible for the reduction of EL intensity due to the increased non-radiative recombination probability via the defect states, as observed in Fig. 4(a) and (b) .
In our previous work, we used post hydrogen plasma annealing (HPA) to treat amorphous Si/SiO 2 as well as nano-Si/SiO 2 multilayers and found hydrogen can passivate the dangling bands effectively [28] . Here, we used the HPA to treat the Si NW arrays and studied the effect of HPA treatments on EL devices. The HPA treatments were carried out in the same PECVD chamber as the deposition of multilayers. Pure H 2 gas with flow rate of 40 sccm (gas pressure = 46 mtorr) was used to treat samples at room temperature for 1 hr under the r.f. power of 30 W. It is noted that the EL intensities for all samples are obviously improved after HPA treatments. Fig. 5(c) is the ESR spectrum of Si NW arrays with depth of 450 nm. It is found that the ESR signal related to P b centers becomes very weak which suggests that the surface defect states of Si NW arrays are well passivated by hydrogen atoms. Fig. 6(a) shows the integrated EL intensity as a function of injection current for device with and without HPA treatment. It is clearly shown that the EL intensity is significantly enhanced after hydrogen plasma annealing treatment, and the maximum enhancement is about 5-fold, compared to the device without hydrogen treatment. Compared with that of flat one, the EL intensity is enhanced 16-fold. Meanwhile, the turn-on voltage of device is further reduced to about 3.5 V. It is interesting to see the current-voltage relationship of device after HPA treatment. As shown in Fig. 6(b) , the injection current of device on 450 nm Si NW arrays is increased after HPA treatments. It can be explained that the surface defect states are well passivated, which reduces the contact resistance of device and that the injection current is consequently increased at the same applied voltage.
Conclusions
In conclusion, Si NW arrays with various depths were prepared by wet electroless etching technique and the good broadband anti-reflection behaviors were demonstrated experimentally. The light emitting devices containing Si QDs/SiO 2 multilayers fabricated on Si NW arrays exhibited the enhanced electroluminescence compared with that of flat one. It was found that the EL intensity was first enhanced with increasing the depth of Si NW arrays and then reduced for further increasing the Si NW depth, which can be ascribed to the increased surface states (P b centers) after long time etching as revealed by ESR spectra. The surface defect states can be well passivated by hydrogen plasma annealing and the corresponding EL intensity was further enhanced, which was 16-fold stronger than that of flat one, and the turn-on voltage was as low as 3.5 V. Our results demonstrate that the surface defect states increase in the Si NW arrays with high aspect ratio which may degrade the emission efficiency of light emitting devices, and hydrogen plasma annealing is a potential approach to passivate the surface defect states and, in turn, to improve the device performance again.
